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Abstract 

Protein kinase C related kinase 1 (PRKI) Is a component of Rho-GTPase, androgen receptor, histone demethylase and 
histone deacetylase signaling pathways implicated in prostate and ovarian cancer. Herein we describe the crystal structure 
of PRKI in apo form, and also in complex with a panel of literature inhibitors including the clinical candidates lestaurtinib 
and tofacitinib, as well as the staurosporine analog Ro-31-8220. PRKI is a member of the AGC-kinase class, and as such 
exhibits the characteristic regulatory sequence at the C-terminus of the catalytic domain - the 'C-tall'. The C-tall fully 
encircles the catalytic domain placing a phenylalanine in the ATP-blnding site. Our inhibitor structures Include examples of 
molecules which both interact with, and displace the C-tail from the active site. This information may assist in the design of 
inhibitors targeting both PRK and other members of the AGC kinase family. 
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Introduction 

Protein Kinase C-Related Kinase 1 is a protein kinase with roles 
in Rho- [1-3] and androgen receptor mediated signaling [4]. 
PRKI and PRK2 have been shown to phosphorylate HDAC5, 
HDAC7 and HDAG9 with the effect of inhibiting nuclear 
localization [5]. A further role for PRKI in the development of 
germinal centers downstream of the B-cell receptor has also been 
reported [6]. Clinically, PRKI has been shown to be overex- 
pressed in ovarian serous carcinoma [7]. Furthermore, PRKI 
expression levels correlate with Gleason scores in prostate cancer, 
and knockdown of PRK 1 is anti-proliferative in LNCaP cells [8] . 
PRKI is able to shuttle between the cytoplasm and the nucleus 
and is modulated by RhoA, cardiolipin, arachidonic acid, 
proteolysis [9], phosphorylation, phosphoinositides [10], and 
various cell stresses [11]. PRKI also has roles in the epigenetic 
regulation of transcription: PRKI phosphorylates histone H3 at 
Thr 11 [8] . In this way, PRK 1 was posited to act as a gatekeeper 
for androgen dependent transcription by enhancing recruitment of 
the demethylase JMJD2C, although there are contradictory 
reports that histone H3 phosphorylation actually inhibits JMJD 2 C 
recruitment [12]. 

The discovery of potent and selective PRKI inhibitors would 
provide tools with which to interrogate PRKI biology, and may 
pave the way for a clinical PRKI modulator. Several small 



molecule inhibitors have been identified as PRKI inhibitors: The 
bisindole maleimide compound Ro-31-8220 is a staurosporine 
analogue which has been shown to have activity against PRKI 
[13]. Another staurosporine analogue, lestaurtinib (also known as 
CEP701), was identified as an inhibitor of PRKI in a screening 
effort focusing on clinical candidates [14]. Lestaurtinib inhibits 
several other protein kinases including FLT3 and JAK2 [15,16]. 
As such, lestaurtinib has been evaluated in clinical studies in 
myelofibrosis and AML [17,18]. Tofacitinib, a JAK3 inhibitor 
approved for clinical use in rheumatoid arthritis [19,20], is 
particularly interesting as it possesses considerable specificity 
across the kinome: In a 317 kinase panel, tofacitinib only inhibits 
3 kinases with an IC50 <500 iiM: JAK3, JAK2 and PRKI [21]. 
Further small molecule PRKI inhibitors have been reported as a 
result of virtual screening using a PRKI homology model [22]. 

PRKI is a member of the AGC kinase family, which also 
includes PKA, PKC, RSK, SGK, GRK and PKB (AKT). A 
characteristic feature of the AGG kinases is a C-terminal 
regulatory region (C-tail) [23]. The G-tail is involved in the 
regulation of enzyme activity, and can act in the recruitment of 
binding partners including PDKl [24,25]. The C-taU can insert a 
conserved phenylalanine residue into the ATP-binding site where 
many kinases exhibit an open solvent channel. This phenylalanine 
containing region has been described as the active-site tether, and 
is able to interact with bound nucleotide/iiihibitors. In this work 
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Table 1. Crystallographic Statistics for PRKl datasets. 





Ligand 


Apo 


Tofacitinib 


Lestaurtinib 


Ro-3 1-8220 


PDB code 


40TD 


40Ti 


40TG 


40TH 


Data collection site 


ALS 5.0.1 


ALS 5.0.2 


APS(LS-CAT, 21ID-G) 


ALS 5.0.3 


Wavelength (A) 


1.0 


1.0 


1.0 


1.0 


Resolution Range (A) 


50-2.0 (2.03-2.00)* 


50-1.93 (1.96-1.93) 


50-2.53 (2.62-2.53) 


50-1.8 (1.8-1.85) 


Spacegroup 


P2i2i2i 


P2i2i2i 


P2i2i2i 


P2i2i2i 


Cell dimensions (A) 


56.2 72.6 94.5 


56.3 72.5 94.5 


56.5 73.3 94.5 


56.1 72.2 94.9 


Angles (deg) 


90 90 90 


90 90 90 


90 90 90 


90 90 90 


No. of observations 


89513 


88098 


71314 


112341 


No. of unique observations 


26396 


28110 


13264 


33917 


Completeness (%) 


98.2 (88.0)* 


94.4 (78.9) 


98.1 (99.9) 


92.8 (84.1) 


l/al 


27.0 (4.4) 


34.3 (3.6) 


13.19 (2.77) 


34.0 (2.2) 


Rmerge (%} 


3.8 (15.6) 


5.2 (32.8) 


11.9 (65.7) 


4.3 (29.5) 


Refinement statistics 


Rwork/Rfree 


17.5/22.1 (19.7/25.4) 


18.5/22.6 (21.8/27.7) 


20.9/26.4 (27.3/38.3) 


20.8/26.6 (28.5/31.1) 


RMSD for bond length (A) 


0.013 


0.012 


0.012 


0.010 


RMSD for bond angles (deg) 


1.564 


1.595 


1.720 


1.281 



*Figures in parentheses are for the outer resolution shell. 
doi:1 0.1 371 /journal.pone.Ol 03638.t001 



we present the crystal structure of PRKl in the apo state as well as 
in complex with the staurosporine analogs lestaurtinib and Ro-31- 
8220, as well as the highly selective inhibitor tofacitinib. We hope 
this information may accelerate the design of highly selective 
inhibitors targeting both PRX and other members of the AGC 
kinase family. 

Materials and Methods 

Expression and purification of PRKl 

WT or Phe910Ala human PRKl residues 61 1-942 were cloned 
into PFASTBAC-LIC by ligation independent cloning to generate 
a transcript incorporating a thrombin cleavable N-terminal His- 
tag. Bacmids were generated using DHlOBac (Invitrogen). SF9 
cells were transfected using Cellfectin (Invitrogen), and viruses 
were amplified in 3 passages using an automated system (Qiagen). 
PRKl was expressed in High5 cells (Invitrogen). Cells were seeded 
at 2x10 E6/mL into SF921media (Expression Systems) in a lOL 
wavebag. Cells were shaken at 27°C and harvested 48 hours post- 
infection. PRKl was purified by nickel affmity, anion exchange 
and size exclusion chromatography. Briefly, SF9 cells were 
resuspended in 25 mM Hepes pH 7.5, 500 mM NaCl, 10 mM 
Imidazole, 5 mM TCEP, 10% glycerol, 0.1% Brij, EDTA-free 
protease inhibitor cocktail (San Diego Bioscience) and lysed using 
a microfluidizer. The lysate was centrifuged at 100,000 g for 1 hr 
and then applied to a Histrap FF column (GE Healthcare). Protein 
was eluted with 25 mM Hepes pH 7.5, 500 mM NaCl, 750 mM 
Imidazole, 5 mM TCEP, 10% glycerol and 0.1% Brij. The 
fractions containing PRKl were dialyzed over night in 25 mM 
Tris-HCl pH 8.0, 5 mM NaCl, and 5 mM DTT in the presence 
of Thrombin. The cleaved PRKl was loaded back on Ni-NTA to 
remove any uncleaved protein then immediately loaded onto a 
MonoQ anion exchange column (GE Healthcare). The column 
was washed with 25 mM Tris-HCl pH 8.0, and 5 mM DTT and 
eluted with a linear gradient from 5 to 1000 mM NaCl. The 



protein was then loaded on a Superdex 75 size exclusion 
chromatography column (GE Healthcare) and subsequentiy 
concentrated to 10 mg/ml in 25 mM Tris-HCl pH 8.5, 50 NaCl, 
and 5 mM DTT. MS analysis confirmed that PRKl was 
phosphorylated at 2 sites within the expressed region. 

Crystallization of PRKl 

PRKl was crystallized by sitting drop vapor diffusion. Briefly, 
protein mixed 1:1 with, and subsequently equilibrated against a 
reservoir solution of 100 mM Tris pH 8.5, 150-225 mM Ammo- 
nium acetate, 23-28% PEG 3350. Lestaurtinib and Ro-3 1-8220 
were obtained from Tocris Bioscience. Tofacitinib was obtained 
from Selleckchem. Ligand structures were obtained by soaking 
pre-grown crystals: compounds in DMSO were added direcdy to 
the crystal drops 1-24 hours before harvesting. We noted that 
ligands which displace the C-tail region required substantially 
longer soaking times, typically around 2 days. Crystals were 
cryoprotected by addition of 20% PEG200 and frozen under 
liquid nitrogen. 

Data collection and structure determination 

Data was collected from single crystals cooled to lOOK at the 
synchrotron beamlines listed in Table 1 . Data were integrated and 
scaled using HKL2000 [26]. The structure of PRKl was solved by 
molecular replacement using PHASER [27] using PKC6 as a 
search model (PDB code IXJD) [28]. The initial molecular 
replacement solution was followed by iterative rounds of model 
buUding using COOT [29], followed by restrained refinement 
using REFMAC5 [30]. Final refinement statistics are shown in 
Table 1, electron density for ligands is shown in Figure lb. The 
coordinates and refined data have been deposited in the Protein 
Data Bank with the accession codes: 40TD, 40TG, 40TH, and 
40TI. 
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a Tofacitinib Lestaurtinib Ro-31-8220 




Figure 1. Chemical structures and electron density for PRK1 inhibitors discussed in this paper. 1a, Chemical structures for PRK1 
inhibitors, lb, Difference electron density calculated at 3.5a following REFMAC5 refinement in the absence of ligand. 
doi:1 0.1 371 /journal.pone.01 03638.g001 



Biochemical assay 

PRKl activity was tested in an IMAP-TR FRET format, which 
detects the phospliorylation of a fluorescently labeled peptide using 
a phosphate binding probe. PRKl 611-942 in Assay Buffer 
(50 mM HEPES pH 7.6, 1 mM DTT, 10 niM MgC12, 0.01% 
Triton X-100, 0.01% BSA and 0.1 niM EDTA) was added to a 
Costar 3572 384-well white plate to a final concentration of 
2.6 nM. 5-carboxyfluoresceine labeled peptide (Molecular Devices 
^R7169) was added to a final concentration of 1.5 |J.M. ATP was 
added to a final concentration of 3.5 [iM, which is our 
experimentally determined Km for ATP for PRKl, and the 
mixture was incubated at room temperature for 1 hour. 30 |J,1/ 
well of Detection Binding Solution (Molecular Devices) was added 
and incubated overnight at room temperature. The assay plates 
were read on a PerkinElmer En Vision microplate reader, with the 
excitation wavelength at 320 nm and emission at 520 nm. 

Results 

Structure of apo PRKl 

The structure of apo PRKl has been solved to 2 A resolution 
(Table 1). In the apo structure, the entire C-terminal region of the 
gene containing the catalytic domain and C-taH is fuUy defined in 
the electron density. Two phosphorylation sites were determined 
to be present by mass spectral (MS) analysis (Data not shown), and 
both of tiiese are clearly visible in the structure, at residues Thr780 
in the activation loop and Ser922 in the Turn-motif (Figure 2). 
Structural alignment with PKA yields a 1.8 A RMSD over 270 
aligned residues (PKA coordinates IBKX, Figure 2). 

The C-taU region begins at the C-terminus of the catalytic 
domain, which is found at the base of the C-Lobe as shown in 
Figure 2. From here, the C-taU follows a route around the surface 
of the C4obe, and passes adjacent to the kinase 'hinge' before 
continuing to encircle the N-lobe. The phosphorylation site at 
Ser922 is buried in a charged pocket formed on the N4obe from 
residues Arg629, Lys634 and Lys653. The site of the phosphor- 
ylation is structurally homologous with PKC9, AKT, S6K, RSK, 



MSK, PKC iota but different from that found in PKA (Figure 2) 
[31,32]. 

Crystal structures of PICA have also exhibited a fuUy ordered C- 
Tail [33]. Alignment of PKA with PRKl shows that there is close 




Figure 2. Comparison of PRKl to PKA. The structure of PRKl is 
shown colored from blue to red (N- to C- terminus); PKA (IBKX) is 
shown in grey. Sites of phosphorylation (PRKl residues S922 and T780, 
PKA residue S338) are shown as sticks, as is active site tether residue 
F91 0 (PRKl ). The structures show good alignment, with a divergence in 
the conformation of the C-tail as it passes over the N-lobe. 
doi:10.1 371/journal.pone.01 03638.g002 
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Table 2. IC50 values (nM) for PRKl. 





Compound 


WT 


F910A 


Lestaurtinib 


26 (±0.7) 


29 (±0.8) 


Ro-31 8220 


9 (±3) 


9 (±2) 


Staurosporine 


2.0 (0.07) 


3 (±0.1) 


Tofacitinib 


43 (±4) 


58 (±10) 



Values are the average of more than 3 replicate experiments, standard deviations are shown in parentheses. 
doi:l 0.1 371/journal.pone.Ol 03638.t002 



alignment between the C-tails up to PRKl residue 911, which 
includes the conserved 'active site tether' residue Phe910. The 
conformation of the respective C-taUs around the N-Lobe diverges 
up to >9 A across the surface of the N-lobe, with structural 
conservation restored at the hydrophobic motif (Figure 2). Many 
AGC kinases require phosphorylation in the hydrophobic motif 
prior to recruitment of PDK 1 as part of the activation sequence 
[25], however, PRKl has an aspartate residue (Asp942) which 
may mimic the phosphorylation thereby bypassing this regulatory 
step. 

The PRKl C-Tail residue Phe910 projects into the enzyme 
active site adjacent to the kinase hinge. In this position, the Phe910 
sidechain is stacked between the sidechain of Leu627 and Gly707, 
with further Van der Waals interactions from the side of the 
phenylalanine ring to the kinase 'hinge' residue Tyr703. Kinase 
active sites are typically open to solvent at this position, and ATP 
competitive kinase inhibitors commonly bind the hinge region 
proximal to the sidechain of Phe910. 

Structures of the staurosporine analogs lestaurtinib and 
Ro-31 -8220 

Staurosporine, lestaurtinib and Ro-31 -8220 inhibit PRKl with 
IC50s of 2 nM, 27 nM and 9 nM, respectively (Table 2). The 




Figure 3. Comparison of the binding modes of Ro-31 -8220 and 
lestaurtinib sKiowing that lestaurtinib and F91 0 would undergo 
a steric clash without protein motion. PRKl :Ro-3 1-8220 is shown 
with the protein in blue, and the inhibitor in green. PRKl lestaurtinib is 
shown colored orange. Side chains are shown only for the PRK1:Ro-31- 
8220 structure. 

doi:1 0.1 371/journal.pone.01 03638.g003 



structures of the two staurosporine analogues in complex with 
PRKl are consistent with the known literature binding modes for 
this hgand class, with two hydrogen bonds between the ligand and 
the kinase hinge. A further hydrogen bond is made by Ro-31-8220 
to Asp708 ill the ribose pocket (Figure 3). In the structure with Ro- 
31-8220, the 2 indole rings are able to rotate to achieve a compact 
structure able to fit into the PRKl binding site as it occurs in the 
apo structure. However, the indole ring in lestaurtinib is 
constrained to a more planar structure (Figure 1) which cannot 
be accomodated in the PRKl binding site without conformational 
changes. As shown in the structural superposition between 
lestaurtinib and Ro-31-8220 (Figure 3), lestaurtinib clashes with 
the C-tail residue Phe910 where Ro-31-8220 is able to rotate the 
indole rings into a conformation in which there is no steric clash. 
In the bound conformation, Ro-31-8220 is able to form 
hydrophobic interactions with Phe910. In contrast, a substantial 
disordering of the C-tail occurs upon binding of lestaurtinib, with 
12-14 residues from the active site tether region of the C-tail no 
longer visible in the electron density (Figure 4). Despite the fact 
that lestaurtinib appears to displace a substantial region of the 
protein from the ATP-binding site, lestaurtinib is only ~ 3-fold less 
potent than Ro-31-8220 (Table 2). To determine the effect of 
Phe910 displacement on ligand potency, we mutated Phe910 to an 
alanine. Phe910A]a mutant PRKl exhibited no significant 
dilference in activity to WT and exhibited a similar Km for 
ATP (data not shown). As shown in Table 2, when assayed under 




Figure 4. Disordering of the PRK1 C-tail in the lestaurtinib 
crystal structure, (a) PRKl :Ro-3 1-8220 is shown with the protein in 
blue, with the inhibitor in green. The C-tail is shown as a surface in gray; 
the region disordered in the lestaurtinib structure is shown in yellow on 
the Ro-31-8220 structure, (b) PRKl iLestaurtinib is shown colored orange 
with the C-tail shown as a surface in grey, with a gap visible due to 
disorder of the C-tail proximal to the inhibitor. 
doi:1 0.1 371/journal.pone.01 03638.g004 
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Figure 5. Tofacitinib bound in the active site of PRK1. The protein is shown with carbons represented in green, the ligand with carbons 
represented in yellow. 2 hydrogen bonds to the kinase hinge are shown as dotted lines. 
doi:1 0.1 371/journal.pone.01 03638.g005 

the same conditions there are no significant differences in IC50 
values between the mutant and the WT protein. 

Structure of PRK1 in complex with tofacitinib 

Tofacitinib binds to PRKl in a classical type-I binding mode 
forming two hydrogen bonds between the kinase hinge and the 
inhibitor pyrrolopyrazine group (Figure 5). Tofacitinib does not 
displace Phe910 from the active site, and the C-taU is well defined 
in the structure. Tofacitinib makes substantial van der Waals 
interactions with the sidechain of Phe910 from the pyrrolopyr- 
azine hinge-binding motif and also from the proximal amino- 
methyl group. However, tofacitinib does displace another phenyl- 
alanine residue from the kinase active site: the ligand nitrile group 
reaches up to the G-loop and binds in a small groove between the 
G-loop backbone and the sidechain of the catalytic lysine residue 
Lys650. In this position the tofacitinib nitrile group would clash 
with the sidechain of G-loop residue Phe632 in the conformation 
observed in other structures (Figure 6). Phe632 provides hydro- 
phobic interactions with lestaurtinib, and Ro-3 1-8220, but as 
shown in Figure 6, in the tofacitinib structure Phe632 has swung 
away into solvent ~12 A beyond the possibility of ligand 
interactions. 

With Phe632 positioned away from the ATP binding site, the 
tofacitinib alpha cyano acetamide moiety contacts both beta- 
strands of the G-loop at residues Gly630 and Gly633 (Figure 5). 
Adjacent to this moiety, the inhibitor piperidine ring bridges 
between the G-loop contacts at the 'top' of the kinase pocket and 
the base of the pocket via Van der Waals interactions to Ala763 
(4.0 A). An alanine or glycine residue occurs at the equivalent 
position in 45% of kinases [34], which means that 55% of kinases 
possess bulkier residues that would stericaUy clash with tofacitinib. 
The simultaneous contact with both the G-loop and the base of the 
ATP binding pocket via a relatively rigid chemical structure likely 
underlies some proportion of the kinome selectivity exhibited by 
tofacitinib. To test this hypothesis, similar structural features could 
be replicated on other inhibitor scaffolds to attempt to engineer 
improved selectivity. 



Discussion 

In this work we have described the structure of PRK 1 - a protein 
kinase overexpressed and mechanistically implicated in prostate 
and ovarian cancer. Crystal structures of PRK 1 in complex with 
ATP-competitive ligands show that the binding site is capable of 
adapting to ligands with motions in both the G-loop and C-taU. 

Since Phe910 projects into the active site it could influence both 
substrate and inhibitor binding. However, comparing the ICjqS 
between compounds which displace Phe910 and those which do 
not, there is no discernible difiFerence in potency. The same is true 
when comparing inhibitor ICsqS between WT PRKl and 
Phe910Ala mutant PRKl. The high degree of sequence conser- 




Figure 6. Structural alignment between tofacitinib and Ro-31- 
8220 showing a large shift in the conformation of G-loop 
residue F632 between the 2 structures. In the tofacitinib structure 
the protein is shown with carbons in green, the ligand with carbons in 
yellow. The Ro-31-8220 structure is shown with carbons in blue. 
doi:1 0.1 371/journal.pone.01 03638.g006 
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vation at this site indicates an important role for Phe910 in the 
AGC kinases, but the extent to which members of the class exhibit 
the Phe9 1 0-in conformation in vivo remains to be determined. We 
have obser\'ed that the soaking times required to obtain liganded 
structures are much greater for ligands which displace Phe91(): > 1 
day versus 1 hour. It is therefore possible that the C-tail 
conformation observed is weakly maintained or transient in 
nature in solution, or otherwise an artifact of crystallization with 
litde relevance to the protein conformation in vivo. It is also 
possible that intracellular binding partners may stabilize the C-tail 
conformation in a similar manner to the crystal lattice, resulting in 
changes in ligand binding in the cellular environment that may not 
be observed biochemically. Regardless, it would seem prudent to 
monitor structure-activity relationships of small molecule inhibi- 
tors with modifications in the solvent channel proximal to Phe910 
in drug discovery programs targeting AGC kinases. 

The biology of PRKl remains to be further studied, and potent 
and selective small molecule inhibitors may enable and accelerate 
this work. Here we have presented the structure of tofacitinib, 
which exhibits a biochemical potency of ~40 nM and a high level 
of kinome selectivity. Tofacitinib may therefore present a superior 
tool for investigating the biological role of PRKL Furthermore, 
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